A central question in ecology concerns how some exotic plants that occur at low
densities in their native range are able to attain much higher densities where they are introduced. This question has remained unresolved in part due to a lack of experiments that assess factors that affect the population growth or abundance of plants in both ranges. We tested two hypotheses for exotic plant success: escape from specialist insect herbivores and a greater response to disturbance in the introduced range. Within three introduced populations in Montana, USA, and three native populations in Germany, we experimentally manipulated insect herbivore pressure and created small-scale disturbances to determine how these factors affect the performance of houndstongue (Cynoglossum officinale), a. widespread exotic in western North America. Herbivores reduced plant size and fecundity in the native range but had little effect on plant performance in the introduced range. Small-scale experimental disturbances enhanced seedling recruitment in both ranges, but subsequent seedling survival was more positively affected by disturbance in the introduced range. We combined these experimental results with demographic data from each population to parameterize integral projection population models to assess how enemy escape and disturbance might differentially influence C. officinale in each range. Model results suggest that escape from specialist insects would lead to only slight increases in the growth rate (X) of introduced populations. In contrast, the larger response to disturbance in the introduced vs. native range had much greater positive effects on X. These results together suggest that, at least in the regions where the experiments were performed, the differences in response to small disturbances by C.
officinale contribute more to higher abundance in the introduced range compared to at home. Despite the challenges of conducting experiments on a wide biogeographic scale and the logistical constraints of adequately sampling populations within a range, this approach is a critical step forward to understanding the success of exotic plants.
Introduction
Among the ever-increasing number of introduced species are a subset that now occur at dramatically greater abundance where introduced compared to where they are native. How some exotic species can attain these strikingly higher densities in their introduced ranges remains an unresolved problem in ecology. Although many hypotheses have been proposed to explain this pattern (Hierro et al. 2005 (Elton 1958, Keane and Crawley 2002) . Increasing evidence indicates that exotic plants have reduced herbivore or pathogen loads where they are introduced (Memmott et al. 2000 , Wolfe 2002 , Mitchell and Power 2003 , Torchin et al. 2003 , Vila et al. 2005 ) and thus less damage compared to where they are native (Reinhart et al. 2003 , DeWalt et al. 2004 ). Yet, whether this difference in damage explains the some times dramatic increases in plant abundance across ranges remains unclear (Maron and Vila 2001) . Two conditions must be met for the enemy escape hypothesis to explain the differential success of exotic plants: first, plant population abundance must be limited by enemies in the native range; second, lower rates of attack or damage in recipient communities must translate to higher population growth or abundance (Jongejans et al. 2006 invaders may be able to exploit more quickly than most native plants (Hobbs and Huenneke 1992, Seabloom et al. 2003) . Only a few studies have directly tested the extent to which disturbances contribute to the success of an exotic plant (Parker 2001 , Kellogg and Bridgham 2004 , Hierro et al. 2006 , Britton-Simmons and Abbott 2008 (Hierro et al. 2005) .
Unfortunately, such an approach is rare; much of invasion biology research is still conducted in only one range (Hierro et al. 2005 Although demographic studies of plants are common (Harper 1977, Franco and Silvertown 2004) , they are infrequently integrated with experimental studies in order to better understand exotic plant success (but see Parker 2001 , Burns 2008 We selected three study populations located in the center of each range (map of locations in Appendix A) that occurred in broadly representative habitats, and that minimized climatic differences so that differences between ranges would not be obscured by large differences in climate. Thus our study populations were with both grazing and logging activity, and our sites are typical of the habitats that it invades. We will refer to these study sites as occurring in either the native or introduced range throughout the paper, although we acknowledge that with three sites in each range, our scope of inference to address the entire range is limited.
To quantify differences in abundance across ranges, we measured plant density at an additional 10 sites in the native range (across 700 km in Hungary and Germany) and seven sites in the introduced range (across 500 km in the growing season, we did not include seedlings in the analysis.
Small-scale disturbances
We documented the amount of disturbance at each of the three primary study sites in each range using three 1 es and seed production (number of seeds = exp( 1.882 + 1.229(log(number of inflorescences)); R2 = 0.78, F\^i = 1028.0, P < 0.001). To more closely examine the transition from seed to seedling, as well as the longevity of seeds in the seed bank, we used results from the disturbance experiment.
Population model
We used integral projection models (IPMs) to calculate the population growth rate (X) under different scenarios of disturbance and herbivory.
IPMs are similar to size-based demographic matrix models, but they use continuous relationships between size and vital rates, rather than dividing up the population into discrete size classes (Easterling et al. 2000, Ellner and To more thoroughly examine which vital rates contributed to the observed differences in X, we used a Life Experimentally disturbed plots filled in with vegeta tion (other than C. officinale) more quickly in the native range than in the introduced range ( Fig. 2A) . By the end of the first growing season (for each cohort: July 2005 and 2006), disturbed plots in the native range had only slightly more bare space than undisturbed plots, and this difference was negligible by the following spring. officinale seedlings than undisturbed plots in the July following the seed additions ( Fig. IB; Fu Finally, the effects of the disturbance treatment on plant-available soil nitrogen varied by range in the growing season following the creation of the distur bances ( Fig. 2B ; range X disturbance = 11.63, P = 0.001). In the introduced range, the amount of available N was significantly greater in disturbed plots compared to undisturbed plots (Tukey post hoc test P=0.034), but there was no difference between treatments in the native range (P = 0.18). Across ranges, the amount of available N was similar in disturbed plots (P = 0.98), but undisturbed plots had higher available N in the native range than in the introduced range (P < 0.001).
Although the German study site in the Robinia forest had higher total N than the other sites in the native range, the patterns described here were consistent across sites. Insect herbivory significantly reduced plant size at field sites in the native range but not in the introduced range (native range, F188 = 9.50, P = 0.003; introduced range, F1? 169 = 0.81, P = 0.37). Insect exclusion resulted in a 35% increase in seed production in the native range but had no effects on fecundity in the introduced range ( Fig. 3B ; native range, FUU7 = 4.54, P = 0.015; introduced range, Fh29 = 0.10, P = 0.75). Although experimental plants in the native range produced more seeds than those in the introduced range, this reflects the higher threshold flowering size in the introduced range (Williams 2009), leading to fewer and smaller experi mental plants that flowered. In the demography plots at these sites, average fecundity did not differ between range, whereas it slightly reduced forecasted X in the native range (Fig. 4A) . When the maximum average parameter values for disturbed plots were used in simulations, X was higher than in the control scenario in both ranges. This was the only case in which confidence limits for X overlapped 1 in the introduced range ( Fig. 4A ). Increasing fecundity, which simulated release from insects in the native range, increased X in all disturbance scenarios (AX [mean ? SE]: 0.054 ? 0.005).
Effects of insect herbivory on plant performance
If specialist herbivores from the native range were brought to the introduced range and reduced fecundity by the same amount (30%), as in the native range, they would slightly decrease X (AX [mean ? SE]: 0.034 ? 0.003).
The Life Table Response Experiment (LTRE) results showed that increased seedling survival in disturbed plots was the most important factor contributing to increased X in the introduced range (Fig. 4B) . These results also pointed to the importance of establishment from the previous year's seeds in the introduced range.
In the native range, the LTRE results indicated that seedling establishment contributed to increased X in the disturbance scenario, but the negative contribution from lower seedling survival in disturbed plots cancelled out the disturbance advantage (Fig. 4B) . Finally, the LTRE results indicated that the effects of the release from insects on fecundity in the native range had approxi mately the same effect on X as disturbance had on recruitment.
Discussion
Surveys across portions of both ranges indicated that Cynoglossum officinale occurs at higher density in its introduced range compared to in its native range, at least in the two regions of these surveys. Although this pattern is often assumed in studies of invasive plants, it is rarely documented, and still must be interpreted with (Hobbs and Huenneke 1992 , William son 1996 , Mack et al. 2000 , Lockwood et al. 2007 .
Given that disturbance enhances recruitment of C.
officinale, if suitable habitats in North America were more disturbed than those in Europe, this might explain the greater abundance of this plant in North America vs.
Europe. Yet, we did not find differences in the amount of disturbed ground between study sites in each range. Fig. 4B) . In contrast, in the introduced range, the increases in X in both the disturbance and maximum disturbance scenarios were driven by much higher seedling survival and establishment in disturbed plots (Fig. 4B ). Only one other study has examined whether an exotic plant responds differently to small scale disturbances across ranges. Hierro et al. (2006) found that the annual exotic invader Centaurea stol stitialis had greater recruitment in similarly disturbed habitat in its introduced vs. native range. Whether such differential responses to disturbance are a more general phenomenon among plant invaders is unknown.
In addition to disturbance increasing recruitment more in the introduced than native range, X in the introduced range was substantially reduced in scenarios with no small disturbances. In the native range, disturbed patches quickly filled in with seedlings and occasional encroachment of other plant species ( Fig. 2A In the native range, soil nitrogen was lower in disturbed plots in the growing season following the disturbance, while the reverse occurred in the introduced range (Fig. 2B) . These differences might have been due to differences between ranges in the timing of rainfall (Appendix B), and how this affects N immobilization by microbes or N leaching. If nitrogen is limiting to plant growth, then disturbed plots would be more favorable than undis turbed in the introduced range, but not in the native range.
Escape from specialist insect herbivores
The enemy escape hypothesis has been the most broadly cited explanation for success of invasive species (Keane and Crawley 2002) , but complete tests of it that examine impacts of enemies in both ranges and their consequences for population growth have not been performed. In the native range of C. officinale, we found that insects negatively impacted plant performance by reducing both size and fecundity during the relatively short-term duration (three years) of our study (Fig. 3B) .
The observed 35% increase in fecundity when insects were excluded was remarkably similar to results from a previous study on C. officinale in sand dune habitats in the Netherlands (Prins et al. 1992 ). This damage was caused mainly by specialists, which are absent in the United States. The attack rate of plants by the specialist root-boring Mogulones cruciger at the two experimental study sites was also similar to that observed across 11 additional sites in the native range (J. L. Williams, unpublished data). These reductions in plant perfor mance appear to limit population growth rate, albeit slightly. The results are consistent with expectations of the effects of native insects on native plants. In a review of studies that examined effects of native herbivores on native plants, mainly perennial forbs, Maron and Crone (2006) reported an average reduction in X of 0.11 ? 0.14 (mean ? SE) due to herbivores that were not seed predators. The small decrease in X that we observed under ambient herbivore conditions in the native range is less than the average reduction, but well within the reported range.
In the introduced range, where herbivores did not affect plant performance (Fig. 3B) graphic data in population models. This is a powerful approach in that it enables one to translate impacts on individuals at a particular life stage to the growth or decline of an entire population and to compare the relative importance of more than one factor. However, one drawback of this approach is that the rate at which a population is growing or declining does not always reflect the absolute number of individuals at the current time. In this study, even though estimated Xs were on average less than one, indicating declining populations in both ranges, overall plant density was higher in the introduced range. This somewhat nonintuitive result stems from population models estimating exponential growth rates (X) at equilibrium. Thus for populations not yet at equilibrium, the absolute values of X between ranges are less meaningful than comparing the relative values within a range. This is because the magnitude and direction of the differences between the control and treatment scenarios were similar within a population, regardless of the absolute value of X. we argue that even with a limited number of sites, much greater insight can be gained than when studies are conducted only in the introduced range.
Conclusion
Our study tested the relative importance of two factors that may be responsible for exotic plant success.
In so doing, it lends insight into effective management strategies for C. officinale populations in the introduced range. If specialist biocontrol agents such as M. cruciger were to be effective, our results suggest they would need to have much larger effects on both performance and population growth in the introduced range than was observed in the native range. 
